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ABSTRACT
Recent observations show evidence that high-z (z ∼ 2− 3) early-type galaxies (ETGs)
are more compact than those with comparable mass at z ∼ 0. Such a size evolution is
most likely explained by the ‘Dry Merger Sceanario’. However, previous studies based
on this scenario are not able to consistantly explain both the properties of the high-
z compact massive ETGs and the local ETGs. We investigate the effect of multiple
sequential dry minor mergers on the size evolution of the compact massive ETGs.
From an analysis of the Millennium Simulation Database, we show that such minor
(stellar mass ratio M2/M1 < 1/4) mergers are extremely common during hierarchical
structure formation. We perform N-body simulations of sequential minor mergers with
parabolic and head-on orbits, including a dark matter component and a stellar compo-
nent. Typical mass ratios of the minor mergers are 1/20 < M2/M1 <= 1/10. We show
that sequential minor mergers of compact satellite galaxies are the most efficient at
promoting size growth and decreasing the velocity dispersion of the compact massive
ETGs in our simulations. The change of stellar size and density of the merger rem-
nants is consistent with recent observations. Furthermore, we construct the merger
histories of candidates for the high-z compact massive ETGs using the Millennium
Simulation Database, and estimate the size growth of the galaxies by the dry minor
merger scenario. We can reproduce the mean size growth factor between z = 2 and
z = 0, assuming the most efficient size growth obtained during sequential minor merg-
ers in our simulations. However, we note that our numerical result is only valid for
merger histories with typical mass ratios between 1/20 and 1/10 with parabolic and
head-on orbits, and that our most efficient size growth efficiency is likely to an upper
limit.
Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxy:
formation – galaxies: kinematics and dynamics – galaxies: structure – methods: N -
body simulations
1 INTRODUCTION
There is significant observational evidence that massive
(& 1011M⊙) early-type galaxies (hereafter ETGs) at high-z
(z ∼ 2−3) are more compact than galaxies with comparable
mass in the local Universe. However, a physical explanation
of the size evolution from such compact ETGs to the local
ETGs is still lacking within the ΛCDM galaxy formation
framework.
Many observations of the high-z ETGs show that the
average size of the high-z massive ETGs is smaller by a fac-
tor of three to five than that of the local ETGs with com-
parable mass (e.g. Trujillo et al. 2006, Trujillo et al. 2007,
Buitrago et al. 2008, Cimatti et al. 2008, van Dokkum et al.
⋆ E-mail: oogi@astro1.sci.hokudai.ac.jp (TO)
† E-mail: habe@astro1.sci.hokudai.ac.jp (AH)
2008). These high-z ETGs also lie below the stellar mass-size
relation in the local Universe; a relation well investigated
through the Sloan Digital Sky Survey (SDSS) database (e.g.
Shen et al. 2003). Additionally, observed high-z ETGs indi-
cate that stellar densities of the high-z ETGs are 1 − 2 or-
der of magnitude higher than the local ETGs. Several stud-
ies claim that this size growth is even more significant for
more massive ETGs (e.g. Newman et al. 2010). Recently,
several observations have measured the velocity disper-
sions of the high-z ETGs (e.g. van Dokkum, Kriek, & Franx
2009). The observed velocity dispersions are also higher
than the average velocity dispersion of the local ETGs with
comparable mass (Cenarro & Trujillo 2009, Cappellari et al.
2009, van Dokkum et al. 2009, van de Sande et al. 2011).
The compact massive ETGs at high-z are already quiescent
in star formation activity and have an old stellar population
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(e.g. Cimatti et al. 2008, van Dokkum et al. 2008) similar to
ETGs in the local Universe (e.g. Thomas et al. 2005).
Such compact massive ETGs are extremely rare in the
local Universe. Taylor et al. (2010) have searched for com-
pact ETGs in the local Universe with the SDSS database
but have only found less massive compact ETGs which
are not readily comparable to the ETGs found at high-
z. Cimatti et al. (2008) also found that such superdense
ETGs are extremely rare at z ≈ 0. On the other hand,
Valentinuzzi et al. (2010) claim to find a small number of
compact massive ETGs in the nearby X-ray-selected clusters
and claim that these galaxy’s properties correspond to the
high-z compact massive ETGs. This last example notwith-
standing, it is clear observations indicate that most of the
compact massive ETGs at high-z must increase their sizes
and must decrease their velocity dispersion from z ≃ 2 to
z = 0 without recent star formation, in order to keep their
old stellar populations. This problem is called as “size evo-
lution problem of ETGs”.
Dry (i.e., gas-poor, collisionless) mergers are a pop-
ular scenario for the size evolution of the ETGs. Dry
mergers can increase the galaxy’s size more than wet
(i.e., gas-rich) mergers because of the absence of energy
dissipation via the gas component (e.g. Cox et al. 2006,
Ciotti, Lanzoni, & Volonteri 2007). Furthermore, dry merg-
ers keep the old stellar populations of progenitor galaxies
without the addition of new star formation. There is di-
rect observational evidence for dry mergers (e.g. Bell et al.
2006). Using a semi-analytic approach to galaxy forma-
tion, Khochfar & Silk (2006a) show that massive ETGs ex-
perience dry mergers at low redshift (z < 2) and sug-
gest that dry mergers are the main driver for the size
evolution of ETGs. There are alternative scenarios to dry
mergers that involve expansion of the stellar system due
to a significant mass loss, either by quasars (Fan et al.
2008, Ragone-Figueroa & Granato 2011) or stellar winds
(Damjanov et al. 2009). However, the amount of the stel-
lar mass loss is too small to explain the size evolution
(Damjanov et al. 2009), the compact massive ETGs already
are quiescent in star formation activity, and they do not
seem to have sufficient gas to puff up the stellar system
(Bezanson et al. 2009).
Dry minor mergers are a more effective process
for the size evolution of ETGs than dry major merg-
ers. Using the virial theorem, Bezanson et al. (2009) and
Naab, Johansson, & Ostriker (2009) make a simple estimate
of the size growth for dry mergers. They use initial galaxy
models that consist purely of stellar systems and only as-
sume energy conservation during mergers on parabolic or-
bits. They obtain that for dry minor mergers, the galaxy
sizes increase by the square of the mass increase rather than
linearly for equal-mass mergers. Semi-analytic models of hi-
erarchical galaxy formation show that minor mergers are an
important channel of mass assembly for massive galaxies in
z . 1− 2 (e.g. Khochfar & Silk 2006b, Guo & White 2008).
Observational studies suggest that even for massive galaxies
the major merger rate is low (e.g. Bundy et al. 2009). It is
not likely that the major mergers explain the extent of the
size evolution of ETGs (Taylor et al. 2010). Therefore, dry
minor mergers are likely to be the main driver for the size
evolution of the massive ETGs.
While a number of numerical simulations have
been done to study the size evolution problem by dry
mergers (e.g. Hopkins et al. 2009, Naab et al. 2009,
Nipoti, Treu, & Bolton 2009a, Nipoti et al. 2009b,
Hopkins et al. 2010b), they remain insufficient to ex-
plain the observed difference between high z and local
ETGs. Several studies have performed high-resolution
N-body simulations of dry major and minor mergers to
investigate the size evolution problem (Nipoti et al. 2009a,
Nipoti et al. 2009b, Nipoti et al. 2012, Hilz et al. 2012).
Nipoti et al. (2009b) simulate a set of dry major and minor
mergers and examine consistency of their results with the
stellar-mass scaling relations of the local ETGs obtained
from the Sloan Lens ACS (SLACS) Survey (Bolton et al.
2008). They conclude that typical local massive ETGs
can not have assembled more than ∼ 45 % of their stellar
mass nor grown more than a factor of ∼ 1.9 in size via dry
mergers. While they did explore the effect of minor mergers,
they limited their study to only the cases of “multiple” and
“simultaneous” minor mergers. However, theoretical studies
on merger rates indicate that simultaneous minor mergers
are extremely rare (e.g. Guo & White 2008, Stewart et al.
2009, Hopkins et al. 2010a). In the hierarchical structure
formation scenario in the ΛCDM cosmology, “sequential”
minor mergers are more common than simultaneous events.
In this paper, we investigate the effects of dry major and
minor mergers on the size evolution of the ETGs with N-
body simulations, particularly focusing on effects of the se-
quential dry minor mergers and of the effect of compactness
of the satellite galaxies on the size evolution. To explore the
effects of the mergers in inner regions of the compact massive
ETGs, we take care to simulate dry minor mergers with suf-
ficient spacial and time resolution. We show that the sequen-
tial minor mergers of the compact satellite galaxies lead to
the most efficient size growth and the most efficient decrease
of velocity dispersion. Furthermore, we construct the merger
histories of candidates of the high-z compact massive ETGs
using the Millennium Simulation Database –a public galaxy
catalog with a semi-analytic model based on the ΛCDM cos-
mology (Springel et al. 2005b, De Lucia & Blaizot 2007)–
and use this to model size growth of galaxies from dry minor
mergers. Based on the size growth efficiency derived by our
N-body simulations, we discuss the size growth of galaxies
from z ∼ 2 to z = 0.
The paper is organized as follows. In §2, we show the
importance of minor mergers for evolution of the high-z mas-
sive (stellar mass : M∗ >= 10
11M⊙) galaxies using the Mil-
lennium Simulation Database. In §3, we describe the outline
of the simulations, presenting our initial models and choice
of simulation parameters in more detail. Results of the anal-
ysis of the merger remnants of our simulations are presented
in §4. In §5, we compare our results with observations, and
discuss the size growth of the compact massive ETGs. In §6,
we give a summary of the paper.
2 COSMOLOGICAL MERGER HISTORIES OF
MASSIVE GALAXIES
2.1 Sample selection
To understand the evolution of the ETGs, we examine
mass assembly histories of the high-z compact massive
c© 2011 RAS, MNRAS 000, 1–22
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ETGs. We get merging history information of the dark mat-
ter haloes and those of the stellar bulges which formed
in centres of the dark matter haloes, from the results
of a semi-analytic model in the Millennium Simulation
Database (Springel et al. 2005b, De Lucia & Blaizot 2007).
While De Lucia & Blaizot (2007) use strong supernova and
active galactic nucleus (AGN) feedback models to repro-
duce observed properties of the brightest cluster galaxies
(BCGs), they also adjust their model parameters in order to
be in good agreement with the observations of the local Uni-
verse (see also Croton et al. (2006) using a similar model).
Thus, we use this database as a galaxy formation model
for all galaxies. We extract galaxy samples at z = 0 whose
main progenitors have a bulge mass more than 1011M⊙ at
z = 2.07. These galaxies are candidates for the high-z com-
pact massive ETGs (van Dokkum et al. 2008). We found
1045 galaxies satisfying this condition in the Millennium
Simulation Database. In the following subsections, we anal-
yse the merger histories of these sampled galaxies.
2.2 The important role of minor mergers in
galaxy mass growth
Fig. 1 shows the number of the sample galaxies at different
stellar mass taken at z = 0 (solid lines). These galaxies
have experienced major and minor mergers from z = 2.07
to z = 0. We define the minor mergers as mergers with mass
ratios M2/M1 < 1/4, otherwise we define them as major
mergers. We also define ‘minor merger-dominated galaxies’
as galaxies for which the minor mergers are the dominant
form of mass increase during the period z = 2.07 to z = 0,
and we define ‘major merger-dominated galaxies’ as galaxies
for which the major mergers are the dominant effect. In the
left panel of Fig. 1, we show the fraction of the minor merger-
dominated galaxies in each bulge mass bin, while in the right
panel of Fig. 1, we show the fraction in each mass bin for the
main dark matter haloes within which the galaxies reside
(we call these the “FOF” halo). We find that ∼ 65% of
the total sample galaxies are the minor merger-dominated
galaxies, and ∼ 38% of the total sample galaxies have never
experienced major mergers from z = 2.07 to z = 0.
In the left panel of Fig. 2, we show that fractional cumu-
lative mass growth of the sample galaxies by minor mergers
from z = 2.07 to z = 0. Here, the fractional cumulative mass
growth is the fraction of mass increased by minor merg-
ers from z = 2.07 to z = 0 to the bulge mass at z = 0.
We find that on average the fractional cumulative mass
growth by the minor mergers with mass ratiosM2/M1 < 1/4
(M2/M1 < 1/10) is ∼ 0.3 (∼ 0.2), and more massive galax-
ies have larger fractional cumulative mass growth by the
minor mergers. Thus, minor mergers are one of the domi-
nant processes for the mass growth of our sample galaxies.
In the right panel of Fig. 2, we show the dependence of
the fractional cumulative mass growth on the mass of the
FOF haloes. We find that many galaxies have increased their
mass significantly by the minor mergers in more massive
FOF haloes. Therefore, we expect that these minor merg-
ers increase galaxy sizes, in particular, in high density en-
vironments. ETGs are likely to be in such high density en-
vironments, which is well known as the morphology-density
relation (Dressler 1980). For this reason, in this paper we
concentrate the minor mergers as the one of the important
process driving the size evolution of ETGs.
2.3 Stellar merger histories of sample galaxies
We analyze the merging events of the 1045 sample galax-
ies, and show that the minor merger events are sequential
processes rather than simultaneous events between z = 2.07
and z = 0. We obtain merging epochs at which a satellite
(less massive) galaxy merges into the primary (more mas-
sive) galaxy from the results of the semi-analytic model (see
Croton et al. 2006). We identify 19605 minor mergers, where
we count multiple minor mergers as one minor merging event
if they occur in the time interval of ∼ 0.35 Gyr, correspond-
ing to the dynamical time-scale of the dark matter haloes
of the galaxies at z ∼ 2. Except for one case, the sum of
the accreted mass through the minor mergers during this
time interval is less than 50% of the mass of the main pro-
genitor galaxy. Therefore, almost all minor mergers occur
sequentially.
Fig. 3 shows the stellar merger histories of two sample
galaxies. One is a central galaxy of a FOF halo which mass
is 1.5× 1015M⊙, and another is a member galaxy of a FOF
halo which mass is 1.8 × 1014M⊙. These two galaxies have
experienced sequential minor mergers, but have not experi-
enced major mergers since z = 2.07. We find that the total
merged mass through minor mergers is comparable to the
stellar mass at z = 2.07. Therefore, the size evolution is
driven significantly by this process. In this paper, we focus
such a “sequential” minor merging processes.
3 N-BODY SIMULATIONS
In this section, we describe our initial galaxy models, model
parameters, N-body simulation methods, and analyzing
methods of merger remnants.
3.1 Initial galaxy models
Our model galaxies consist of two components: a stellar
bulge and a dark matter halo. We model the dark matter
mass distribution with a Hernquist (1990) profile which has
the total mass, Mdm:
ρdm(r) =
Mdm
2π
adm
r(r + adm)3
, (1)
scaled to match the NFW profile found in cosmological
simulations (Navarro, Frenk, & White 1997), as described
in Springel, Di Matteo, & Hernquist (2005a). In this model,
the total mass, Mdm, corresponds to the mass within the
virial radius of the NFW model and the inner density pro-
file of the Hernquist profile is also equal to that of the NFW
model. Satisfying the above condition, the scale radius of
the Hernquist profile adm, is related to the scale length rs of
the NFW halo and halo concentration cvir(cvir = rvir/rs)
as
adm = rs
√
2[ln(1 + cvir)− cvir/(1 + cvir)]. (2)
We derive the virial radius of the halo from a spherical
collapse model, rvir = rvir(Mdm, z) (e.g. Barkana & Loeb
2001), where z is the formation redshift of the halo. Using
c© 2011 RAS, MNRAS 000, 1–22
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these parameters of mass, redshift and halo concentration
for a dark matter halo, we can obtain the corresponding
halo model for N-body realization.
We also model the initial distribution of the bulge with
a Hernquist profile,
ρ∗(r) =
M∗
2π
a
r(r + a)3
, (3)
with total stellar mass M∗, quarter-mass radius r1/4 = a
and half-mass radius r1/2 = (1 +
√
2)a. Observationally, a
galaxy size is usually characterized by its effective radius,
defined as the radius of the isophote that encloses half of
the total stellar luminosity in projection. In our simulations,
we adopt the effective radius Re as the projected radius
enclosing half of the stellar mass. Here we assume a con-
stant stellar mass to light ratio. From Eqn. (3), the effec-
tive radius is related to the quarter- and half-mass radii by
Re = 1.8153r1/4 = 0.752r1/2 (see also Binney & Merrifield
1998). We remove particles of the two-component Hernquist
profile outside r ≃ 20adm in our numerical realizations in
order to avoid the occurrence of a very small number of
very distant particles. This choice of outer radius does not
affect the half-mass radius significantly. If the total stellar
mass and the scale radius are specified, the Hernquist profile
determines a unique structure.
We construct the bulge and the dark matter halo to be
in equilibrium in the total gravitational potential by an N-
body method. We assume that both components are both
spherical and isotropic. The particle positions for each com-
ponent are initialized from the density profile, while the par-
ticle velocities are drawn based on each component’s equilib-
rium distribution function fi(E) (Binney & Tremaine 2008),
fi(E) =
1√
8π2
∫ E
0
d2ρi
dψ2
dψ√
E − ψ , (4)
where E is the relative energy of each particle of compo-
nent i, ρi is the density profile of component i, and ψ is the
total gravitational potential. Ciotti (1996) derives the ana-
lytical distribution function of the two-component Hernquist
profiles. We use this formula to obtain the particle velocity
distribution.
Here, we only briefly summarize our N-body realization
method, which is described in detail in Kuijken & Dubinski
(1994). A particle’s position is first determined by sampling
from the density distribution. Next the particle’s velocity
vector is randomly sampled from inside a velocity-space
sphere whose radius is the local escape velocity, vesc =√−2ψ. Finally, based on the distribution function of the
bulge or halo component, we determine whether we select
the velocity vector or not using the acceptance-rejection
technique.
3.2 Model parameters
For the progenitor galaxies in major and minor merger sim-
ulations, we assume four galaxy models: a massive ETG,
two less massive compact ETGs, and a less massive diffuse
ETG. Parameters of these galaxy models are summarized
in Table 1. We assume that the massive ETG (model A)
has the stellar mass M∗ = 10
11M⊙, with an effective ra-
dius Re = 1.0kpc, which corresponds to the scale radius
a = 0.551kpc. These properties are consistent with that
from observations of the high-z compact massive ETGs (e.g.
Trujillo et al. 2007). They are embedded in dark matter
haloes of Mdm = 10
12M⊙ and rvir at z = 2.0. In this paper,
we assume dark matter to stellar mass ratio Mdm/M∗ = 10
in all models. We also assume that for all initial dark mat-
ter haloes, cvir = 10. Many cosmological simulations pre-
dict that the halo concentration depends on the mass and
the formation redshift (Bullock et al. 2001), but we select a
constant value in favour of simplicity in the model.
We assume three different satellite galaxies: compact
(model B), diffuse satellites (model C), and very compact
satellites (model D). We assume that the formation epoch
of model B is the same as that of model A, both occurring at
z = 2.0, and that these models are expected to have the same
average density. Based on this assumption, we construct the
stellar system for model B by simply scaling down that of
model A, given the mass fraction (1/10 of model A) and
scale radius (1/ 3
√
10 of model A). We also assume the dark
matter halo of model B is Mdm = 10
11M⊙. For model C
galaxies, we assume that they have the properties of the
local ETGs. For their effective radii, we use the observed
local stellar mass-size relation of early-type galaxies in SDSS
(Shen et al. 2003),
Re = 4.16
(
M∗
1011M⊙
)0.56
kpc. (5)
The model C galaxies have dark matter haloes with Mdm =
1011M⊙ and rvir at z = 2.0. Recent observations indicate
that early-type galaxies follow a stellar mass-size relation
log(Re) = S+T log(M∗) with T ∼ 0.6−0.7, not significantly
dependent on redshift, and S increasing for decreasing red-
shift (e.g. Newman et al. 2012). From this, we assume that
model A and model D lie on the same stellar mass-size re-
lation with T = 0.57, as in Newman et al. (2012), giving
model D satellites that are more compact than both model
B and C. We examine effects of the stellar densities of the
satellites on the properties of merger remnants using this set
of satellite models.
3.3 Simulations and test run
We use the GADGET-2 code (Springel 2005), an efficient
parallelized treecode, to perform our simulations. We set the
tolerance parameter α = 0.001 for the relative cell-opening
criterion in the tree algorithm, the timestep tolerance pa-
rameter η = 0.005, and the force softening ǫ = 0.03 kpc
for both star and dark matter particles. With this choice,
the minimum timestep is < 0.02Myr. In this study, we use
6.0×105 dark matter particles and 6.0×104 stellar particles
for model A. For model B and model C, we use 6.0 × 104
dark matter particles and 6.0 × 103 stellar particles. Each
halo and stellar particle has the same mass.
We should draw attention to the effect of two-body re-
laxation, since the dynamical time of the compact massive
ETGs is relatively short compared with the galaxy merg-
ing time-scale, and we need the simulation time to be much
larger than the dynamical time of the stellar system. We
have confirmed that our two-component galaxy model is sta-
ble at all radii r > a = 0.551kpc for ∼ 3.6 Gyr of the simu-
lation. We define the half-mass dynamical time of a stellar
system as
c© 2011 RAS, MNRAS 000, 1–22
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Table 1. Initial galaxy models for dry merger simulations. First column: name of the initial galaxy model, Model
A is the compact massive ETG seen at high-z. This is the primary galaxy in our minor merger simulations.
Model B is the compact, less massive ETG. This is used as a compact satellite. Model C is the less massive
ETG that obeys the stellar mass-size relation in the local Universe. Model D is the most compact satellite (see
§3.2). From column 2 to column 10: dark matter halo mass; redshift; halo concentration; virial radius of the
halo measured at each redshift; number of dark matter particles; stellar mass; effective radius; number of stellar
particles; softening length.
Model Mdm(M⊙) z c rvir(kpc) Ndm M∗(M⊙) Re(kpc) N∗ ǫ(kpc)
A 1012 2.0 10 105 6.0× 105 1011 1.0 6.0× 104 0.03
B 1011 2.0 10 48.8 6.0× 104 1010 0.464 6.0× 103 0.03
C 1011 0.0 10 120 6.0× 104 1010 1.15 6.0× 103 0.03
D 1011 2.0 10 48.8 6.0× 104 1010 0.148 6.0× 103 0.03
Table 2. Physical properties of the merger remnants within the fixed radius, 60kpc, in each run. The properties of the initial galaxy are
defined within 60kpc. First column: name of the simulation, 2A: major merger of model A, 1A: the primary galaxy, 1/5/10: the number of
minor mergers, B/C/D: type of the satellite galaxy, sq/sm: sequential or simultaneous minor mergers. From column 2 to column 10: stellar
mass; virial radius of the dark matter halo; half-mass radius of the stellar system; effective radius; average density within 1kpc; average
density within the effective radius; velocity dispersion; size growth efficiency; efficiency of the change of velocity dispersion (see §4.5).
Name stellar mass rvir r∗,half Re ρ¯(< 1kpc) ρ¯(< Re) σe α γ
(M⊙) (kpc) (kpc) (kpc) (1010M⊙kpc
−3) (1010M⊙kpc
−3) (km/s) (Re ∝Mα∗ ) (σ ∝M
−γ
∗ )
A (initial) 9.82 × 1010 257 1.29 0.968 0.992 1.07 262
2A 1.91 × 1011 309 3.81 2.81 0.933 0.0864 253 1.60 0.0528
1A1B 1.04 × 1011 261 1.50 1.12 0.961 0.737 256 2.60 0.435
1A1C 1.02 × 1011 260 1.40 1.05 0.981 0.878 258 2.37 0.468
1A1D 1.05 × 1011 262 1.55 1.16 0.935 0.667 253 2.69 0.501
1A5Bsq 1.32 × 1011 275 2.90 2.15 0.852 0.137 237 2.72 0.350
1A5Csq 1.16 × 1011 268 1.92 1.44 0.951 0.400 249 2.44 0.310
1A5Dsq 1.35 × 1011 276 2.77 2.08 0.696 0.149 223 2.38 0.497
1A10Bsq 1.49 × 1011 301 4.13 3.00 0.853 0.0581 226 2.71 0.351
1A10Csq 1.19 × 1011 286 2.04 1.54 0.951 0.339 247 2.42 0.318
1A10Dsq 1.70 × 1011 302 5.14 3.76 0.677 0.0339 206 2.46 0.440
1A10Bsm 1.60 × 1011 294 3.78 2.78 0.873 0.0767 241 2.17 0.175
1A10Csm 1.54 × 1011 287 3.88 2.86 0.964 0.0706 243 2.42 0.166
Table 3. Physical properties of the merger remnants within rtrunc = 30, 60, and 90kpc in binary
minor merger simulations. Each column is similar to Table 2.
Name stellar mass Re σe α γ
(M⊙) (kpc) (km/s) (Re ∝Mα∗ ) (σ ∝M
−γ
∗ )
rana = 30kpc
1A1B 1.01× 1011 1.06 257 2.71 0.535
1A1C 0.984 × 1011 0.990 259 2.63 0.758
1A1D 1.02× 1011 1.11 254 2.79 0.569
rana = 60kpc
1A1B 1.04× 1011 1.12 256 2.60 0.435
1A1C 1.02× 1011 1.05 258 2.37 0.468
1A1D 1.05× 1011 1.16 253 2.69 0.501
rana = 90kpc
1A1B 1.05× 1011 1.14 256 2.55 0.408
1A1C 1.03× 1011 1.07 257 2.28 0.457
1A1D 1.06× 1011 1.18 252 2.67 0.534
c© 2011 RAS, MNRAS 000, 1–22
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tdyn =
√
3π
16Gρ1/2
= π
√
r3
1/2
2GM∗
, (6)
where ρ1/2 = 3M∗/8πr
3
1/2 is the mean density inside the
half-mass radius r1/2. Here, we consider only the stellar com-
ponent for simplicity. We estimate the two-body relaxation
time-scale tr from the following expression,
tr(r) ≃ 0.1N
lnN
tdyn, (7)
where N is the number of stellar particles in a radius r.
The half-mass dynamical time of model A is tdyn ≃ 5.2 Myr
and the relaxation time is tr ≃ 2 Gyr which is comparable
to the total computational time of each of our simulation
sets. To check whether our two-component galaxy model is
stable we simulated a single model A galaxy for ∼ 3.6 Gyr
as a test run. Fig. 4 shows several snapshots of the density
profiles of the stellar system. This figure clearly shows that
our model is stable in all radii r & 0.2kpc. We checked the
conservation of the total energy E and the virial ratio (V =
2T/W ), obtaining |∆E/E| . 1 percent and |∆V/V | . 0.35
percent. We also checked the stellar half-mass radius, the
stellar effective radius and the stellar velocity dispersion at
3.6Gyr, and we confirmed that changes of both the half-mass
radius and the effective radius are less than 3 percent, and
the projected velocity dispersion is nearly constant. These
changes are smaller than that due to mergers in all runs (see
Table 2). In order to avoid the influence of numerical error,
we stopped our simulations at 3.6 Gyr.
3.4 Production run set
We have run N-body simulations of dry major and minor
mergers to investigate the effects of mergers on the evolu-
tion of size and velocity dispersion in ETGs. In this paper,
we mainly focus on the dry minor merger cases. We also
simulate a dry major merger for comparison. We describe
the setup of our simulations below. Table 2 summarizes the
parameters used in our run set.
Merger orbits are critical to the properties of the
merger remnants. We assume head-on parabolic mergers
with zero orbital angular momentum in all our simulations.
In Boylan-Kolchin, Ma, & Quataert (2006), who studied dry
major mergers of early-type galaxies, merger remnant prop-
erties are highly influenced by orbital parameters of the
mergers. They showed that the stellar bulges of the merger
remnants in the cases of radial orbits are larger than in the
cases of circular orbits. Therefore, our simulations are opti-
mal cases for the size growth of galaxies.
3.4.1 Major mergers
In run 2A, we simulate a major merger for the parabolic and
head-on encounter of same initial galaxies of model A. The
initial separation between the two galaxies is 200kpc, and
the initial relative speed is 308km/s. The merger appears to
be mostly completed by 2.3 Gyr.
3.4.2 Minor mergers
We simulate two cases of minor mergers, involving simul-
taneous minor mergers and sequential ones. We investigate
how the merger remnants are affected by a different types
of minor mergers. In each case, we assume three different
model galaxies (model B, model C, and model D, as in Ta-
ble 1). Initially, we assume the central galaxy of model A
(the “primary galaxy”) is surrounded by satellite galaxies of
model type B, C or D. In the simultaneous minor mergers
case, the satellites are randomly distributed around the pri-
mary galaxy with the relative distance between each satellite
and the primary galaxy in the range [130, 170] kpc. During
the merging events, the satellites are accreted at the same
time. The merger orbit of each satellite is assumed to be
parabolic and head-on in the absence of the other satellites.
We calculate the relative velocity using the total mass of the
progenitors before removing very distant particles.
As shown in §2, in hierarchical structure formation sce-
nario in the ΛCDM cosmology, there are many sequential
minor mergers. We study the effects of this sequential minor
merging in our next case. Here, each satellite merges with
the primary galaxy from random directions every 0.2 Gyr.
We simulate five sequential (run 1A5Bsq, 1A5Csq, 1A5Dsq)
and then ten sequential (run 1A10Bsq, 1A10Csq, 1A10Dsq)
minor mergers. In these cases, the period of the sequen-
tial minor mergers roughly corresponds to the time interval
from z = 2 to z = 1. We assume the three types of satellites
(model B, model C, model D), and compare the properties
of the merger remnants. In the sequential minor mergers, the
mass ratio of the first merger M2/M1 = 1/10, that of the
second merger is 1/11, and so on. The mass ratio can reach
∼ 1/20 in the last merger. Thus, the typical mass ratios
of the minor mergers are 1/20 < M2/M1 <= 1/10. We also
simulate single minor mergers (run 1A1B, 1A1C, 1A1D) to
compare these results with the sequential minor mergers. In
these test simulations, we assume the initial relative velocity
between progenitors using the total mass of the progenitors
after we have removed very distant particles to ensure that
the satellite orbits are strictly parabolic and head-on.
Numerical simulations were run on Cray XT4 at Center
for Computational Astrophysics, CfCA, of National Astro-
nomical Observatory of Japan.
3.5 Definition of merger remnants
In this subsection, we describe our analyzing methods for
the merger remnants. In the major merger simulation (run
2A), the final state is defined when the global virial ratio of
the system reaches an almost constant value. In the case of
the minor mergers, it takes more time for the minor mergers
to attain complete relaxation, since the dynamical friction
time-scale of the minor mergers are longer than the merging
time-scale of the major merger. Therefore, as described in
§3.3, we stop our runs at t = 3.6 Gyr in the minor merger
simulations, and analyze the merger remnants. At this time,
there are several surviving cores of the satellite stellar sys-
tems in the remnants from the 10 minor mergers. However,
the mass of each core is less than 5 per cent of the mass
of the merger remnant which we define below. We exam-
ine the effects of these surviving cores on properties of the
merger remnants in §4.3, and find that these cores have little
effect on the size growth efficiency (defined in §4.5) of the
remnants.
We analyse the remnant particles at the end of the sim-
ulations. For the dark matter particles, we define the merger
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remnants as the particles which are gravitationally bound.
For the stellar particles, it is difficult to use that criterion,
since in the minor merger simulations, the central galax-
ies are surrounded by very diffuse stellar particles beyond
& 50 kpc that are gravitationally bound by the dark mat-
ter haloes of the remnants. Since van Dokkum et al. (2010)
use 75kpc as the robust galaxy radius to define total stellar
mass in their stacked images, and determine the effective
radii, we use a radius rtrunc = 60kpc to define the stellar
remnants, with our reasoning described below. We call the
stellar mass within rtrunc the remnant mass. In r > rtrunc,
the stellar surface density of the remnants is too low to
be observed. In fact, the surface brightness difference be-
tween 0.1kpc and 60kpc are ∆µ & 13mag arcsec−2 for the
remnants, assuming a constant mass-to-light ratio with ra-
dius. Even state-of-the-art observations cannot observe such
a large range of magnitudes (Trujillo et al. 2012). We exam-
ine various radii, rtrunc, to find a suitable rtrunc for defin-
ing the remnants. We have checked Re for rtrunc = 30,
60, and 90kpc in the binary minor merger simulations as
shown in Table 3. We find that Re slightly increases from
rtrunc = 30kpc to rtrunc = 60kpc, and is almost constant be-
tween rtrunc = 60kpc and rtrunc = 90kpc. Thus, we choose
rtrunc = 60kpc in the following analysis of merger remnants.
We analyse the three-dimensional and projected prop-
erties of the stellar merger remnants. The stellar half-mass
radius is the radius of the sphere within which half of
the mass of the remnant stellar system is enclosed. We
adopt the effective radius Re as the projected radius en-
closing half of the remnant mass. We also define line-
of sight stellar velocity dispersion of the remnants as in
Boylan-Kolchin, Ma, & Quataert (2005). We use the surface
mass density weighted velocity dispersion within Re,
σ2e =
∫ Re
2ǫ
σ2los(R)Σ(R)RdR∫ Re
2ǫ
Σ(R)RdR
, (8)
where Σ(R) is the surface mass density and σlos is the line-
of-sight velocity dispersion. We use 2ǫ as the lower limit of
the integrations in Eqn. (8), where ǫ is the softening length.
Taking into account the projection effects, we average Re
and σe in 100 random projections.
To derive major and minor axes of the merger remnants,
we obtain the principal axes of the merger remnants using
the reduced moment of inertia tensor (Dubinski & Carlberg
1991, Boylan-Kolchin et al. 2005),
Iij =
N∑
l=1
xl,ixl,j
a2l
, (9)
al =
(
x2 +
y2
q2
+
z2
s2
)1/2
(10)
where al is the elliptical radius and q and s are the axis
ratios with s <= q
<
= 1. q and s are calculated through
q =
(
Iyy
Ixx
)1/2
and s =
(
Izz
Ixx
)1/2
, (11)
where Ixx, Iyy and Izz are the principal component of the
tensor. N is the number of particles in the remnants defined
by all stellar particles within rtrunc. The procedure in deter-
mining these principle axes has to be done iteratively, start-
ing with the assumption of spherical symmetry, q = s = 1.
4 RESULTS
We have run N-body simulations of the dry major, the si-
multaneous minor and the sequential minor mergers as de-
scribed in §3. Physical quantities of the merger remnants are
summarized in Table 2.
4.1 Snapshots
Figure 5 shows five snapshots for three runs, 1A10Bsm,
1A10Bsq and 1A10Csq (Table 2). Elapsed time from the
beginning of each run is written in the box of each snap-
shot. As described in §3, we stop runs after t = 3.6 Gyr
of evolution in the minor merger simulations, and analyze
the merger remnants at t = 3.5 − 3.6Gyr, to allow a small
number of surviving satellites to be among the remnants.
In this final state, there are the several surviving cores
of the satellite stellar systems among the remnants of the 10
minor mergers. However, most of stars and the dark mat-
ter component of the satellite galaxies have already been
stripped or merged into the primary galaxies. We show that
these surviving cores have only a small effect on properties
of the merger remnants in §4.3. In the major merger (run
2A), the first crossing of galaxies is at ∼ 0.5Gyr, and the
merger appears to be completed by 2.3Gyr.
4.2 Density profile
One of the most revealing properties of the remnants is their
density profiles. Fig. 6 shows the angle-averaged stellar den-
sity profiles of the merger remnants for five runs. In this
figure, we show three types of final density profiles for each
run: the profile of the stars that initially belong to the pri-
mary galaxy (we call “primary stars”), that of the stars that
initially belong to the satellite galaxies (we call “satellite
stars”), and that of all the stars. For comparison, the den-
sity profile of the initial galaxy model is also shown. The
density profiles for all the stars differs significantly between
each run. Inside the inner region of the half mass radii (sum-
marized in Table 2), the gravity of the stellar mass is closely
related with the velocity dispersion of the stars in this re-
gion, as shown in §4.4. Below, we discuss these differences
in each of the inner and outer sections of the remnants.
4.2.1 Inner region of the stellar system
To make clear the difference between the five runs in the
inner regions, we show the cumulative mass distributions of
the star particles of the remnants in Fig. 7. We first focus the
distributions of the primary stars. Comparing the distribu-
tion of the primary stars of the initial state with that of the
final state for the minor mergers of the compact satellites
(run 1A10Bsm, 1A10Bsq, and 1A10Dsq), we show that the
decrease in the density profiles is due to expansion of the pri-
mary stars. Such expansion is caused by dynamical friction
heating from the satellites (El-Zant, Shlosman, & Hoffman
2001, Ma & Boylan-Kolchin 2004). We see in Figure 7 that
this expansion is smaller for the minor mergers with the
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diffuse satellites (run 1A10Csm and 1A10Csq). As shown
in Fig. 5, the compact satellites can survive for a longer
time-scale than the diffuse satellites in the tidal field of the
primary galaxy (see also Boylan-Kolchin & Ma 2007). This
increased lifetime means that the dynamical friction heating
can be more effective in expanding the primary stars. There-
fore,the compact satellites are more efficient at heating than
the diffuse satellites.
In the inner region, the density profiles of the satellite
stars in the remnants depend on the compactness of the
satellites. From Fig. 6 for the compact satellites, we can see
that there are more satellite stars in the half mass radii than
for the diffuse satellites. Once again, this is due to the com-
pact satellites surviving against the tidal field of the primary
galaxy to reach its inner regions. For the minor mergers with
the diffuse satellites, the satellite stars have a smaller con-
tribution to the density profiles in the half mass radii. This
is because the diffuse satellites are easily disrupted by tidal
stripping and tidal shocking from the primary galaxy. This
result is consistent with the minor merger simulations of a
single satellite galaxy by Boylan-Kolchin & Ma (2007).
Compared with the sequential minor mergers, simul-
taneous minor mergers find a higher number of satellite
stars in the half mass radii. It is known that in a time-
varying self-gravitational potential, particles exchange their
energies with each other, altering the energy distribution of
the particles. This process is known as violent relaxation
(Lynden-Bell 1967) and produces tightly bound particles.
§4.4 will show in more detail that the satellite stars of the
simultaneous minor mergers have experienced this process.
We will also show in the case of sequential minor mergers,
that the violent relaxation process is less effective, and the
number of tightly bound particles is smaller than for the
simultaneous minor mergers in §4.4.
4.2.2 Outer region of the stellar system
Fig. 6 shows that the increase in density in the outer re-
gions of the density profile is dominated by the accretion of
the satellite stars onto the outside of the half mass radii.
The density profiles of the primary stars is hardly changed,
as shown in Fig. 6 and follows a r−4 profile in the outer
region. On the other hand, the slope of the density pro-
files of the satellite stars follows an r−3 up to several 100
kpc. Then for radii larger than the several 100 kpc, the
slope declines as ρ ∝ r−4. These difference show that the
two components have distinct origins; an already formed
system and a newly accreted system. In particular, in the
case of the sequential minor mergers of the diffuse satel-
lites (run 1A10Csq), the satellite stars contribute to the en-
velope of the density profile of the remnant as an excess
component, as shown in Fig. 6. Similar results are obtained
by Abadi, Navarro, & Steinmetz (2006). Abadi et al. (2006)
simulate an isolated disc galaxy with cosmological initial
conditions and show that the density profile of the accreted
stellar component follows the slope ρ ∝ r−3 near the edge
of the primary stellar component of the galaxy. In addi-
tion, the slope reaches ρ ∝ r−4 or steeper near the virial
radius of the system. Several recent observations of com-
pact massive ETGs at low-z (z < 0.5) show that the surface
brightness profiles of the ETGs are well fitted with two-
component Se´rsic profiles (Stockton, Shih, & Larson 2010,
Shih & Stockton 2011). While these Se´rsic indexes are rel-
atively small (n. 2), these galaxies may have experienced
the size growth by minor mergers like our simulations.
4.2.3 Dark matter halo
Fig. 7 also shows cumulative mass distributions of the dark
matter particles of the merger remnants of the five runs.
The mass of dark matter haloes are smaller than the stellar
mass in the inner regions. However, change of dark matter
mass distribution is important, since this affects the velocity
dispersion of the stars in this region, as shown in §4.4. In
the case of the minor mergers of the compact satellites, the
dark matter particles that initially belong to the primary
galaxy (we call “primary DMs”) expand due to dynami-
cal friction heating. Compared with the simultaneous minor
mergers, sequential minor mergers have only small number
of dark matter particles that initially belong to the satellite
galaxies (we call “satellite DMs”) contribute to the density
profiles within 10kpc from the centre of the merger remnant.
For simultaneous minor mergers, a significant amount of the
satellites’ DM is deposited in the central 10kpc. Thus, se-
quential minor mergers of compact satellites are the most
efficient in expanding of the dark matter distribution and in
decreasing of the central dark matter density.
4.3 Stellar surface density profile
We show the angle-averaged stellar surface density profiles of
the merger remnants in Fig. 8. For the evolution in the sur-
face density profiles, the choice of projection direction does
not significantly alter the result. For the major merger (run
2A), the surface densities in r . 1kpc increases from the
initial state. On the other hand, for the minor mergers, the
surface densities are approximately stationary in r . 1kpc.
In & 2kpc, the growth in the surface densities is dominated
by the accretion of the satellites onto the outer envelope.
The latter change agrees well with the recent observational
results from van Dokkum et al. (2010) and is an example
of “inside-out growth”. These profiles depend on the com-
pactness of the satellite galaxies. In Fig. 8, we show that
inside-out growth is significant when the satellite galaxies
are diffuse.
In the case of 10 sequential minor mergers, there are
several surviving cores of the satellite stellar systems within
rtrunc of the remnants. Due to these cores, the remnant sizes
might be artificially large in our analysis. We examine effects
of these cores in determining sizes and mass of the merger
remnants by removing the satellite cores from the surface
density profile of run 1A10Bsq. We find that the remnant
after the removing is ∼ 0.67 × 1010M⊙ less massive and
∼ 0.32kpc smaller than with the cores included. This size
change is much smaller than the size growth of the remnant
of 1A10Bsq that increased from 1kpc to 3kpc. Therefore, in
our analysis, these cores do not affect the size growth of the
remnants significantly.
4.3.1 Se´rsic profile fitting
In order to compare the structures of our merger remnants
with observational results quantitatively, we fit the stellar
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Table 4. The Se´rsic index. The b − c plane means the pro-
jection along the major axis. The remnant is projected in the
plane with the intermediate axis b and the minor axis c. The
a− b plane is the projection along the minor axis. This plane
contains the major axis a and the intermediate axis b.
Name b− c plane a − b plane
A (initial) 4.07 4.04
2A 5.00 6.16
1A10Bsm 6.51 6.32
1A10Bsq 11.3 8.47
1A10Csm 8.41 8.27
1A10Csq 4.83 4.76
1A10Dsq 4.66 7.87
surface density profiles of the remnants along the major and
the minor axes derived by the method in §3.5 with the Sersic
(1968) R1/m law:
I(R) = I0 exp
[
−b(m)
(
R
Re
)1/m]
, (12)
where b(m) ∼ 2m− 1/3+4/(405m) (Ciotti & Bertin 1999).
We choose the radial range [0.1, 10] kpc for this fitting. In
this range, the surface density profiles are well fitted with a
single Se´rsic profile. We note that the Se´rsic index m is very
sensitive to the fitting range (see also Boylan-Kolchin et al.
2005).
We find that the Se´rsic indexes of the remnants in-
crease from our initial model in all runs. These val-
ues are consistent with the observed massive ETGs (e.g.
Bertin, Ciotti, & Del Principe 2002, Graham & Guzma´n
2003). In particular, for run 1A10Bsq, the Se´rsic index
increases significantly because of the marked inside-out
growth. On the other hand, for run 1A10Csq, the Se´rsic in-
dex increases less. As described above, this is because that
the stars of diffuse satellites are easily stripped by the tidal
field of the primary galaxies, and few satellite stars are added
inside of 10kpc from the centre of the remnant. The increase
of the Se´rsic index significantly depends on the compactness
of the satellites and the manner of minor mergers (sequential
or simultaneous).
4.4 Velocity dispersion profile
In Figure 9 we show the evolution of the line-of-sight stel-
lar velocity dispersion profiles for the four runs with minor
mergers. As with the surface density profiles, the choice of
projection does not affect our main results. Fig. 9 shows that
in the cases of minor mergers with the compact satellites, the
velocity dispersion of the stellar systems in the central region
decreases from the initial model more strongly than for the
minor mergers with the diffuse satellites. This is because the
central region is gravitationally heated by the compact satel-
lites. We compare the velocity dispersion of the remnant of
run 1A10Bsm with that of run 1A10Bsq at ∼ 2.4kpc, which
is near the effective radii of these remnants. It is obvious
from Figure 9 that for run 1A10Bsq, the velocity dispersion
in this radius is smaller than for run 1A10Bsm. This is be-
cause for run 1A10Bsq, few satellite stars and satellite DMs
are deposited within this radius. For run 1A10Bsm, rela-
tively large amounts of the satellite stars and satellite DMs
are deposited within this radius, and the velocity dispersion
of the remnant increases from the initial value in this region.
Therefore, in the case of the sequential minor mergers of the
compact satellites, the velocity dispersion is smaller in this
region.
To interpret the difference in the mass deposited dur-
ing both runs, we show the differential energy distributions
N(E) for the initial and final stellar components in Fig.
10, where N(E)dE represents the number of particles of
specific energy between E and E + dE. For the simultane-
ous minor merger case, the distribution of the satellite stars
broadens during the mergers and the low energy stars are
more bound than the initial state. This broadening of N(E)
is similar to the behavior of N(E) of cold collapse simula-
tions (Binney & Tremaine 2008). This means that in this
case the violent relaxation is effective for the satellite stars.
Due to such evolution, the satellite stars are more bound
and strongly invade the centre of the primary galaxy. On
the other hand, there is smaller change of N(E) for the se-
quential minor merger case. This means that in this cases
the violent relaxation is not effective and the satellite stars
can not invade the inner region. In both simulations shown
in Fig. 10, the number of the most bound primary stars are
reduced. This unbinding is induced by the dynamical friction
heating during the minor mergers.
We also investigate anisotropy of the velocity dis-
persions of the stellar merger remnants. We measure an
anisotropy parameter for the remnants
β = 1−
(
σ2θ
σ2r
)
(13)
where σθ and σr are the azimuthal and radial velocity disper-
sions with respect to the centre of the remnants, respectively.
Here, we assume σθ = σφ. In the bottom panels of Fig. 9, we
show the anisotropy of the merger remnants. For all runs, ra-
dial anisotropy increases with radii. It is obvious that in the
case of sequential minor mergers, radial anisotropy is smaller
than that for simultaneous minor mergers. This result is
consistent with Athanassoula (2005) who shows that radial
anisotropy becomes smaller for larger time intervals between
mergers in sequential galaxy mergers in galaxy groups. We
note that for the sequential minor mergers satellite orbits
are radial with respect to the ‘initial’ position of the pri-
mary galaxy, and actually these orbits may be more circular
than for the simultaneous minor mergers. This may affect
the small radial anisotropy for the sequential minor merg-
ers. Our results suggest that the manner of minor mergers
influences the radial anisotropy of the merger remnants.
4.5 Evolution of stellar mass, Re, and σe
We summarize the results for stellar masses, the effective
radii Re, and the velocity dispersions σe of the merger rem-
nants in Table 2. The minor mergers of the compact satel-
lites are more efficient in increasing the mass of the rem-
nants than those of the diffuse satellites. More than half of
the satellite stars in the compact satellites contribute to the
mass of the remnants. On the other hand, in the case of the
diffuse satellites (model C), the satellites are disrupted by
tidal stripping and shocking during the merging, and most
of satellite stars of the diffuse satellites are distributed in
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the envelope of the remnants. These are too diffuse to ob-
served and do not contribute to the mass of the remnants
(run 1A10Csq).
Changes of Re and σe are influenced both by the manner
of the minor mergers and by the compactness of the satel-
lite galaxies. For the minor mergers of the compact satel-
lites, the sequential cases cause larger size growth and a
greater decrease in the velocity dispersion compared to that
in the simultaneous cases. On the other hand, for the minor
mergers with the diffuse satellites, the simultaneous cases
cause larger size growth, while the decrease in the velocity
dispersion is weak in both the sequential and the simultane-
ous cases. There are two processes which are closely related
with the changes of Re and σe. The first process is the ex-
pansion of the primary stars by dynamical friction heating.
This increases the size of the primary galaxy and decreases
the velocity dispersion, if it is principally determined by the
mass distribution of the primary stars. In the case of minor
mergers with the compact satellites, this expansion is more
effective in both the sequential and the simultaneous cases
than for the minor mergers with the diffuse satellites (Fig.
7). The second process is mass deposit of the satellite stars
by the minor mergers. The mass deposit increases the size of
the remnant efficiently for all runs. It is important for change
to the velocity dispersion whether the satellite stars are de-
posited within the effective radii of the merger remnants or
beyond it. If a significant number of the satellite stars are
deposited within the effective radii, the velocity dispersions
of the remnants increase. In the case of the sequential minor
mergers, the mass deposit within the effective radii is small.
In this case, the velocity dispersion is mainly determined
by the expansion of the primary stars, and the velocity dis-
persion decreases. These two processes also cause a changes
in the density and the velocity dispersion profiles (see §4.2,
§4.4). We note that comparison of run 1A10Bsq, 1A10Csq,
and 1A10Dsq shows that for the minor mergers of the com-
pact satellites, the effective radii increases more than for the
minor mergers of the diffuse satellites. This result is appar-
ently contrary to expectations based on the virial theorem
and the energy conservation (e.g. Naab et al. 2009). How-
ever, because of tidal disruption of the diffuse satellites as
described above, the size and mass increase is weak in the
case of the diffuse satellites.
We present two important relations from our results.
The first is the relation between the size growth and the mass
growth. The second is the relation between the decrease in
velocity dispersion and the mass growth. We parameterise
the relation between the size growth and the mass growth
as
Re,f
Re,i
=
(
Mf
Mi
)α
(14)
to quantify the efficiency of the size growth (hereafter we call
α the size growth efficiency), where Re,i andRe,f are a initial
and a final effective radius, Mi and Mf are a initial and a
remnant stellar mass, respectively. We also parameterise the
relation between the change of the velocity dispersion and
the stellar mass growth as
σe,f
σe,i
=
(
Mf
Mi
)−γ
(15)
to quantify the efficiency in the change in the velocity dis-
persion. Table 2 shows α and γ for each run. As shown in
Table 2, the cases of the sequential minor mergers, α and
γ are generally higher than that for the simultaneous minor
mergers. In particular, we show that the sequential minor
mergers of model B are the most efficient in the size growth,
α ≃ 2.7. γ is larger for runs with model D, the most com-
pact satellite. In the case of the sequential minor mergers of
the diffuse satellites (run 1A10Csq), α and γ are also larger.
In this case, only the expansion is effective. However, here
the satellite stars do not contribute to the mass increase of
the merger remnant because of the tidal disruption of the
diffuse satellites as described above. Therefore, the minor
mergers of the diffuse satellites do not contribute the size
growth significantly.
As described in the previous section, in the case of 10
sequential minor mergers, there are several surviving cores
from the satellite stellar systems in the remnants within
rtrunc. Using the prescription for removing satellite cores
for 1A10Bsq, we find that the size growth efficiency α ≃ 2.7
with or without the satellites core. Therefore in our analy-
sis, these cores do not affect the size growth efficiency of the
remnants significantly.
5 DISCUSSION
5.1 Size growth efficiency
As shown in Table 2, the size growth efficiencies α are
higher than for an analytical estimation (e.g. Naab et al.
2009) or found numerically in previous works (e.g.
Boylan-Kolchin et al. 2006). We check these high efficien-
cies using a simple analytical argument: Under the assump-
tions of energy conservation, single component galaxies, and
a parabolic orbit in a minor merger, Naab et al. (2009) show
that the ratio of the final to initial gravitational radius is
rg,f
rg,i
=
(1 + η)2
(1 + ηǫ)
. (16)
Here, we define η ≡ M2/M1 and ǫ ≡ 〈v21〉/〈v22〉, where M1
and 〈v21〉 are the mass and the velocity dispersion of the more
massive galaxy before the minor merger M2 and 〈v22〉 are
those of the less massive galaxy. This formula is also valid for
two-component galaxy models if the dark matter halo profile
strictly follows the stellar density profile (Nipoti et al. 2012).
We adopt this assumption in the following discussion. rg in
Eqn. (16) can be replaced with Re, where rg and Re satisfy
the following equation,
E ≡ −f GM
2
∗
Re
= −1
2
GM2∗
rg
, (17)
where E is the energy of the stellar system and f is a struc-
tural parameter that depends on the stellar and dark matter
density profiles. We obtain
Re,f
Re,i
=
ff
f1
(1 + η)2
(1 + ηǫ)
, (18)
where f1 and ff are the structural parameters of the pro-
genitor and remnant stellar systems. Here, we assume that
two progenitors have the same structural parameter f1. This
assumption is valid for runs 1A1B and 1A1C. Thus, if f in-
creases in a dry minor merger, Re increases more than for
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Table 5. Physical properties of progenitors and merger rem-
nants in binary minor merger simulations. Note that we define
the merger remnants as bound particles here. Each column is
similar to Table 2 except for fifth column, structure parameter
of the galaxy.
Name stellar mass Re α f
(M⊙) (kpc)
modelA 9.97× 1010 0.995 0.173
modelB 0.996× 1010 0.453 0.177
modelC 0.994× 1010 1.11 0.173
modelD 0.999× 1010 0.261 0.163
1A1B 10.8× 1010 1.21 2.40 0.185
1A1C 10.7× 1010 1.16 2.20 0.183
1A1D 10.9× 1010 1.23 2.54 0.183
the case where ff = f1. From Eqn. (18), the size growth
efficiency can be written as
α =
d lnRe
d lnM∗
=
ln(ff/f1)
ln(1 + η)
+ 2− ln(1 + ηǫ)
(1 + η)
. (19)
We estimate α from ff/f1, η, and ǫ from our numerical
results with Eqn. (19). In the case of run 1A1B α = 2.2,
since ff/f1 = 1.07, η = 0.1, and ǫ = 0.446. For run 1A1C
α = 2.3, since ff/f1 = 1.06, η = 0.1, and ǫ = 0.297. For run
1A1D α = 2.0, since ff/f1 = 1.06, η = 0.1, and ǫ = 0.580.
We analyse the merger remnants of run 1A1B, 1A1C, and
1A1D (see Table 5), defining the merger remnants as bound
particles that are consistent with the energy conservation
argument here. We obtain size growth efficiencies of α = 2.4
(run 1A1B), and α = 2.2 (run 1A1C). These values agree
well with the analytical argument. On the other hand, in
the case of run 1A1D, α = 2.5 which does not agree well
with the analytical result. In this case, the change in the
stellar and dark matter halo profiles is larger due to the
strong dynamical friction heating. Thus, this disagreement
may stem from the assumption in the analytical argument
that the dark matter halo profile follows the stellar density
profile, which is failing to hold in this case. Alternatively, the
disagreement may be because the assumption that the two
progenitors have the same structural parameter f1 is invalid
in this case. Therefore, we suggest that our high size growth
efficiency can be interpreted as the increase of structural
parameters f of merger remnants (see also a similar analysis
in Boylan-Kolchin et al. (2006)). Similar results of the high
size growth efficiency for minor mergers on radial orbits are
shown in Nipoti et al. (2012).
5.2 Comparison with observations
Our main focus is whether the dry minor mergers can ex-
plain the size evolution problem of ETGs and reproduce
their local scaling relations, in particular, the stellar mass-
size and the stellar mass-velocity dispersion relation. We
compare our numerical results with these results here.
5.2.1 Stellar mass-size relation
In Fig. 11, we compare our numerical results with the lo-
cal stellar mass-size relation given by the SDSS (Shen et al.
2003). We show that the sequential minor mergers of the
compact satellites cause the most efficient size growth, while
all results move the compact massive ETGs toward the local
relation in Fig. 11. Interestingly, the sequential minor merg-
ers have α ≃ 2.7 (Table 2), which is much larger value than
that obtained via the simple analysis based on the virial
relation, α ∼ 2 (Bezanson et al. 2009, Naab et al. 2009),
with the assumptions of energy conservation, single com-
ponent galaxies, and parabolic orbit of minor mergers. The
sequential minor mergers of compact satellites can evolve a
compact massive ETGs to that with the the average size of
ETGs in the local Universe by a factor of ∼ 2 mass growth.
As shown in §2, such mass growth is likely to occur for the
majority of the high-z massive galaxies.
Our high growth efficiency is consistent with the
observational constraint by Bezanson et al. (2009). In
Bezanson et al. (2009), they suggest that the size growth ef-
ficiency, α, must be α & 2 in order to satisfy that the number
density of descendants of the high-z compact massive ETGs
does not exceed constraints imposed by the z = 0 galaxy
mass function. Our result for the size growth efficiency for
the sequential minor mergers, α ≃ 2.7, is consistent with
their results.
Newman et al. (2012) estimate the size evolution of
ETGs using the CANDELS survey and conclude that ob-
served rapid size growth from z ≃ 2 to z ≃ 1 cannot be
explained by the dry minor merger scenario, if they as-
sume α ∼ 1.3 − 1.6 motivated by the previous studies (e.g.
Nipoti et al. 2009b). However, our results show a signifi-
cantly higher size growth efficiency α ≃ 2.7 which may in-
validate their conclusion.
5.2.2 Stellar density
As shown in Table 2, we find that the mean stellar densi-
ties within 1kpc, ρ¯(< 1kpc), decrease by only a small factor
in all runs. On the other hand, for the sequential minor
mergers of the compact satellites, the mean stellar density
within the effective radius, ρ¯(< Re), decreases by more than
an order of magnitude. This evolution is consistent with
several recent observational studies (Bezanson et al. 2009,
van Dokkum et al. 2010) which show evidence to suggest
that the compact massive ETGs at high-z are the central
stellar systems in the normal nearby ETGs. This scenario is
called the “inside-out” growth of ETGs. We note that the
decrease of ρ¯(< Re) in our results exceeds that from simple
analysis (Naab et al. 2009), corresponding to a size growth
larger than that of the simple estimate.
5.2.3 Stellar mass-velocity dispersion relation
In Fig. 12, we compare our results with the local stellar mass-
velocity dispersion relation derived by Nipoti et al. (2009b).
We find that the remnant of the sequential minor mergers
of the compact satellites lies on the local relation, and the
velocity dispersions of all minor mergers decrease toward
the local relation. We note that the decrease in the veloc-
ity dispersion for almost all runs is less effective than that
derived by simple analysis using the virial relation, γ ∼ 1/2
(Naab et al. 2009).
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5.3 Size growth expected from the Millennium
Simulation Database
As shown in §2, we analyze the Millennium Simulation
Database given by De Lucia & Blaizot (2007) to derive the
cumulative mass growth via minor mergers. In this subsec-
tion, we present the size growth for the sample galaxies de-
rived by the Millennium Simulation Database, using the size
growth formula given by Eqn. (14) assuming the size growth
efficiency α. We confirm that for ∼ 95% (∼ 91%) of our sam-
ple galaxies, ∼ 80% (∼ 90%) of the bulge mass at z = 0 con-
sist of stars that belonged to their progenitor galaxies. Thus,
they mainly increase their masses by dry mergers. This is
mainly because De Lucia & Blaizot (2007) use strong su-
pernova and AGN feedback models. A small fraction of our
sample galaxies increases their masses by star formation.
These ‘wet mergers’ may influence their size increase. In
this discussion, we neglect these ‘wet mergers’, since their
number is small. Here, we divide the sample galaxies into
two categories: brightest cluster galaxies (BCGs) and nor-
mal ETGs. We define the BCGs as the galaxies that are
the central galaxies in FOF haloes with mass of & 1014M⊙,
otherwise we define them as a normal ETGs.
For the sample galaxies, we derive the average size
growth factor 〈Re,f/Re,i〉 by the following procedure: First,
for each sample galaxy we calculate the mass increase
through minor mergers from z = 2.07 to z = 0, ∆mminor.
Second, we calculate the mass growth factor Mf/Mi by the
minor mergers from z = 2.07 to z = 0, where Mi is the
bulge mass at z = 2.07 and Mf = Mi + ∆mminor. Third,
we calculate the size growth factor Re,f/Re,i with Eqn. (14)
for each sample galaxy, where we assume a size growth ef-
ficiency α. Here, we adopt the same size growth efficiency
for all sample galaxies. Finally, we average the size growth
factors of all sample galaxies as 〈Re,f/Re,i〉.
We show the dependence of the average size growth fac-
tor on the adopted size growth efficiencies in Fig. 13. It is ob-
vious that α & 2.3 is needed to explain the observed size evo-
lution of ETGs from z ∼ 2 to z = 0 (a factor of three to five
in size growth, e.g. Trujillo et al. 2006, Trujillo et al. 2007,
Buitrago et al. 2008, Cimatti et al. 2008, van Dokkum et al.
2008). This constraint is consistent with the high size growth
efficiency derived by our numerical simulations. On the other
hand, the lower size growth efficiency α = 1.3 derived by the
simultaneous dry minor merger simulations of Nipoti et al.
(2009b) is insufficient to explain the observational results.
Therefore, we suggest that in the dry minor merger scenario,
the sequential minor mergers we performed in this paper are
responsible for the size evolution of the ETGs.
We should note that we use the maximum size growth
efficiency in the above discussion, whereas the choice of
α ≃ 2.7 corresponds to the maximum predicted size increase
and the assumption that all minor mergers are those with
mass ratios of M2/M1 < 1/10 and their orbits are parabolic
and head-on. In fact, there are a wide range of mass ratios
for minor mergers in cosmological merger histories. For ex-
ample, Oser et al. (2012) find that the typical mass ratio
of stellar mergers is 1:5 with cosmological hydrodynamical
simulations. Additionally, there are satellite galaxies which
have different properties, e.g. morphology, compactness, and
gas content, which may influence the size growth of com-
pact massive ETGs. In the future studies, we will take into
account the mass ratio, orbits, and the many satellite prop-
erties for more robust predictions based on the dry minor
merger scenario.
In Fig. 14, we show the individual size growth factor
for all sample galaxies as a function of the bulge mass at
z = 0. Fig. 15 is the same as Fig. 14 but as a function of
the FOF halo mass to which the each sample galaxy belongs
at z = 0. In this figure, we assume α = 2.7. We note that
there are a considerable number of the galaxies which have
a small size growth factor from z = 2.07 to z = 0 from
dry minor mergers (Fig. 14). These galaxies reside in dark
matter haloes which have a wide range of mass from galaxy-
size haloes to cluster-size ones (Fig. 15), and almost all of
them are normal ETGs. In addition, they also do not in-
crease their size by dry major mergers. In fact, in the galax-
ies which have a size growth factor less than two, ∼ 80%
are minor merger-dominated galaxies. Thus, these galaxies
are expected to keep their size from z ∼ 2. Such galaxies in
cluster-size haloes may correspond to nearby compact mas-
sive ETGs which Valentinuzzi et al. (2010) claim to find in
nearby X-ray-selected clusters.
5.4 Comparison with previous work
Our simulation results show a high size growth efficiency
and decrease in the velocity dispersion even in our low-
est growth efficiency case with simultaneous minor merg-
ers, compared with results from Nipoti et al. (2009b). This
disagreement may be due to the initial conditions of the
simulations. In this section, we examine the differences be-
tween our simulations and those performed by Nipoti et al.
(2009b) . Nipoti et al. (2009b) construct initial galaxy mod-
els which have a higher dark matter fraction within the stel-
lar half mass radius than our models. The correct dark mat-
ter fraction with the half mass radii is uncertain for the com-
pact massive ETGs at high-z. Sommer-Larsen & Toft (2010)
show that massive compact high-z galaxies are strongly
baryon dominated in their inner regions through cosmolog-
ical simulations. The semi-analytic model of Shankar et al.
(2011) also predict that the dark matter fraction of com-
pact massive ETGs become smaller in high-z. Nipoti et al.
(2009b) also assume a steeper inner slope, ρ ∝ r−1.5, than
the Hernquist profile (ρ ∝ r−1) for the stellar component.
Their initial stellar model may preserve the inner structure
during dry mergers, and may bind the satellite galaxies in
the inner region. These lead to suppression of significant
size growth and a lower decrease in the velocity dispersion.
Nipoti et al. (2009b) assume more compact satellite galaxies
than model B of our simulation. This is because they scale
the satellite galaxies based on the fundamental plane de-
rived by the SLACS survey. For model B in our simulations,
we chose to simply scale down the primary galaxy (model
A) with the same average density. This is because we as-
sume that formation epoch of model B is the same as that
of model A, that is z = 2.0, and that these models are ex-
pected to have the same average density. This assumption
may mean that in the dry minor merger simulations, the
effect of dynamical friction heating may be more effective
than in our results.
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6 CONCLUSIONS
We investigate the effects of sequential dry minor mergers
on the size evolution of the compact massive ETGs. From
an analysis of the Millennium Simulation Database, we show
that such minor mergers are highly likely in the hierarchical
structure formation. We perform N-body simulations of se-
quential minor mergers with parabolic and head-on orbits,
including a dark matter and stellar component, and compare
the properties of the merger remnants with that from simul-
taneous minor mergers. We show that the sequential minor
mergers are the most efficient for size growth and in decreas-
ing the velocity dispersion of the stellar system. The evolu-
tion of stellar size and velocity dispersion of the galaxy in the
sequential minor mergers with compact satellites agrees with
recent observations. Furthermore, we construct the merger
histories of candidates of the high-z compact massive ETGs
using the Millennium Simulation Database, and model the
size growth of the galaxies via dry minor mergers. We can
reproduce the mean size growth factor between z = 2 and
z = 0 if we adopt the most efficient size growth efficiency
α = 2.7 obtained in the case of sequential minor mergers
in our simulations. Because these minor mergers are more
common for the galaxies in more massive FOF haloes (Fig.
2), our results suggest that for ETGs in more massive dark
matter haloes, the size growth by the dry minor mergers
is still more effective. However, we note that our numerical
result is valid for merger histories with typical mass ratios
between 1/20 and 1/10 and with parabolic and head-on or-
bits. In addition, our most efficient size growth efficiency is
likely to an upper limit since it is based on the simulations
in which the satellites have smaller mass ratios and are on
radial orbits. In future studies, we will study various cases of
mass ratios and merger orbits for a more robust prediction.
In this study, we did not focus the “tightness” of the
local scaling relations of ETGs. Nipoti et al. (2009b) note
that it is difficult to explain such an exact relation through
the mass and size growth of the compact massive ETGs at
high-z with dry mergers. We will investigate the strength of
the correlation during the cosmological merger histories in
our future studies.
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Figure 1. Left: Number of our sample galaxies derived by the Millennium Simulation Database (solid lines). Horizontal axis shows the
bulge mass of the galaxies at z = 0. Vertical axis shows the number of galaxies in each mass bin. The mass bins are [1.0×1011 : 2.0×1011],
[2.0 × 1011 : 5.0 × 1011], and [5.0 × 1011 : 2.0 × 1012] in units of M⊙. Fraction of minor merger-dominated galaxies (see text) are also
plotted (dashed lines with percentages). Right: The same as the left panel, but for the horizontal axis that shows the FOF halo mass of the
galaxies at z = 0. The mass bins are [1.0× 1012 : 2.0× 1013], [2.0× 1013 : 7.0× 1013], [7.0× 1013 : 2.0× 1014], and [2.0× 1014 : 2.0× 1015]
in units of M⊙.
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Figure 2. Left: Fractional cumulative mass growth by minor mergers with mass ratios M2/M1 < 1/4 and M2/M1 < 1/10 from z = 2.07
to z = 0 for our sample galaxies derived by the Millennium Simulation Database. Here, the fractional cumulative mass growth is the
fraction of mass increased by the minor mergers from z = 2.07 to z = 0 to the mass of the bulge at z = 0. Horizontal axis shows the bulge
mass at z = 0. Red crosses represent the fractional cumulative mass growth with mass ratios M2/M1 < 1/4. We average these in the same
mass bins of Fig. 1 and show the average values with black crosses and the solid line. Blue open circles represent that with mass ratios
M2/M1 < 1/10. We also average these and show them with black open circles and the dashed line. Right : The same as the left panel, but
for the horizontal axis that shows the FOF halo mass of the galaxies at z = 0.
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Figure 3. Stellar merger histories of our two sample galaxies derived by the Millennium Simulation Database These have never experienced
major mergers. Left: a central galaxy of a FOF halo which mass is 1.5 × 1015M⊙. Right: a member galaxy of a FOF halo which mass is
1.8 × 1014M⊙. Thick solid line is stellar mass of the galaxies as a function of redshift. Bars in each panel show increased mass by minor
mergers at each event. Dashed and dotted lines show cumulative increased stellar mass from z = 2.07 to z = 0 as minor mergers and
accretions, respectively. We define accretions as mergers with mass ratios less than 1:20.
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Figure 4. Density profiles of the stellar system and the dark
matter halo of a single model A galaxy (Table 1) simulated as
a test run to check whether our two-component galaxy model
is stable. The solid line shows the initial profile (t = 0). The
dashed line shows the profile after 3.6 Gyr. The concentrated
ones represent the stellar system.
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Figure 5. Snapshots of the particles of the three runs onto the x-y plane. Left-hand panels: the simultaneous minor mergers of compact
satellites, run 1A10Bsm. Middle panels: the sequential minor mergers of compact satellites, run 1A10Bsq. Right-hand panels: the sequential
minor mergers of diffuse satellites, run 1A10Csq.
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Figure 6. The angle-averaged density profiles of the remnant stellar systems of runs. From top left to bottom right: 1A10Bsq, 1A10Csq,
1A10Dsq, 1A10Bsm, and 1A10Csm. Thick solid lines are the density profiles of all stars of the merger remnants, dotted lines are of the
stars that belonged to the primary galaxy (we call primary stars), and dashed lines are of the stars that belonged to the satellite galaxies
(we call satellite stars). Thin lines are of the initial galaxy model. The slops of r−3.0 and r−4.0 are also shown for comparison. Thick arrows
are half-mass radii of the stellar system of the remnants. Thin arrows are half-mass radii of the stellar system of the initial primary galaxy
model.
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Figure 7. Cumulative mass distribution of the remnant stellar systems and dark matter particles. From top left to bottom right: 1A10Bsq,
1A10Csq, 1A10Dsq, 1A10Bsm, and 1A10Csm. Thick solid lines are the cumulative mass distributions of all stars or all dark matter particles
of the merger remnants, dotted lines are of the primary stars or the primary dark particles. Thin lines are of the initial galaxy model.
Thick arrows are half-mass radii of the stellar system of the remnants. Thin arrows are half-mass radii of the stellar system of the initial
primary galaxy model.
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Figure 8. Left: Angle-averaged surface density profiles of
the remnant stellar systems in one projection, 2A(dotted),
1A10Bsm(dashed), 1A10Bsq(thick solid), and initial model A
(thin solid). Right: The same as the left panel, but for 1A10Csm
(dashed), 1A10Csq(thick solid), and initial model A (thin solid).
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Figure 9. Top-left: Line-of-sight velocity dispersion profiles of
the remnant stellar systems, 1A10Bsm(dotted), 1A10Bsq(thick
solid), and initial model A (thin solid). Top-rightt: The same
as the top-left panel, but for 1A10Csm(dotted), 1A10Csq(thick
solid), and initial model A (thin solid). Bottom: anisotropy pa-
rameter β for the merger remnants in the top panels.
0.0001
0.001
0.01
0.1
1
-20 -15 -10 -5 0 5
N
(E
)
E
t=0.0Gyr
0.0001
0.001
0.01
0.1
1
-20 -15 -10 -5 0 5
N
(E
)
E
t=0.0Gyr
0.0001
0.001
0.01
0.1
1
-20 -15 -10 -5 0 5
N
(E
)
E
t=3.6Gyr
0.0001
0.001
0.01
0.1
1
-20 -15 -10 -5 0 5
N
(E
)
E
t=3.6Gyr
Figure 10. Left-hand panels: initial (top panel) and final (bot-
tom panel) differential energy distributions of the star particles
for the simultaneous minor mergers of compact satellites (run
1A10Bsm). The thick solid, thin solid, and dashed line refer to
the distributions of total stars, primary stars, and satellite stars,
respectively. The energy per unit mass E is normalized to the
internal unit of our simulations. Right-hand panels: same as left-
hand panels, but for the sequential minor mergers of compact
satellites (run 1A10Bsq).
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Figure 11. Stellar mass-size relation of the merger remnants and
the initial galaxy model. Solid triangle is for the initial galaxy
model A. Empty square is for the run 2A. Solid square is for the
run 1A10Bsm. Empty circle is for the run 1A10Bsq. Filled circle
is for the run 1A10Csm. Empty triangle is for the run 1A10Csq.
The solid line shows the observed stellar mass-size relation for
ETGs (Shen et al. 2003) with the dispersion by the dotted lines.
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Figure 12. Stellar mass-velocity dispersion relation of the merger
remnants and the initial galaxy model. Symbols are the same as in
Figure 11. The solid line shows the observed stellar mass-velocity
dispersion relation for ETGs (Nipoti et al. 2009b) with the one-
sigma scatter by the dotted lines.
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Figure 13. The average size growth factor 〈Re,f/Re,i〉 of our
sample galaxies derived by the Millennium Simulation Database
for various size growth efficiencies we assume. The derivation of
〈Re,f/Re,i〉 are described in the text. Horizontal axis shows the
size growth efficiency α. Empty square is BCGs. Solid triangle is
normal ETGs.
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Figure 14. The size growth factor Re,f/Re,i ≡ (Mf/Mi)
α of
our sample BCGs (red crosses) and normal ETGs (blue open
circles) derived by the Millennium Simulation Database, where
we assume α = 2.7 which is the most efficient case in our results.
Horizontal axis shows the bulge mass at z = 0. Vertical axis shows
Re,f/Re,i.
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Figure 15. The same as Fig. 14, but for the horizontal axis that
shows the FOF halo mass which the galaxies belong to at z = 0.
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